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The mechanical properties of ordinary materials degrade substantially with reduced density because their structural elements bend under applied load. We report a class of microarchitected materials that maintain a nearly constant stiffness per unit mass density, even at ultralow density. This performance derives from a network of nearly isotropic microscale unit cells with high structural connectivity and nanoscale features, whose structural members are designed to carry loads in tension or compression. Production of these microlattices, with polymers, metals, or ceramics as constituent materials, is made possible by projection microstereolithography (an additive micromanufacturing technique) combined with nanoscale coating and postprocessing. We found that these materials exhibit ultrastiff properties across more than three orders of magnitude in density, regardless of the constituent material.
N ature has found a way to achieve mechanically efficient materials by evolving cellular structures. Natural cellular materials, including honeycomb (1) (wood, cork) and foamlike structures, such as trabecular bone (2), plant parenchyma (3), and sponge (4), combine low weight with superior mechanical properties. For example, lightweight balsa has a stiffness-to-weight ratio comparable to that of steel along the axial loading direction (5). Inspired by these naturally occurring cellular structures, human-made lightweight cellular materials fabricated from a wide array of solid constituents are desirable for a broad range of applications including structural components (6, 7), energy absorption (8, 9) , heat exchange (10, 11) , catalyst supports (12), filtration (13, 14) , and biomaterials (15, 16) .
However, the degradation in mechanical properties can be drastic as density decreases (17, 18) . A number of examples among recently reported low-density materials include graphene elastomers (19) , metallic microlattices (20) , carbon nanotube foams (21) , and silica aerogels (22, 23) . For instance, the Young's modulus of low-density silica aerogels (22, 23) decreases to 10 kPa (0.00001% of bulk) at a density of less than 10 mg/cm 3 (<0.5% of bulk).
This loss of mechanical performance is because most natural and engineered cellular solids with random porosity, particularly at relative densities less than 0.1%, exhibit a quadratic or stronger scaling relationship between Young's modulus and density as well as between strength and density. Namely, E/E s ! (r/r s ) n and s y /s ys ! (r/r s ) n , where E is Young's modulus, r is density, s y is yield strength, and s denotes the respective bulk value of the solid constituent material property. The power n of the scaling relationship between relative material density and the relative mechanical property depends on the material's microarchitecture. Conventional cellular foam materials with stochastic porosity are known to deform predominantly through bending of their cell walls and struts (24) . This type of deformation results in relative stiffness scaling with n = 2 or 3. A number of approaches in recent years have aimed to reduce this coupling between mechanical properties and mass density (5, 17, 18, 20, (25) (26) (27) (28) (29) (30) (31) . Among these, few fabrication processes are capable of building arbitrary three-dimensional microarchitectures with controlled micro-and nanostructure across a wide range of mass density and material constituents. The desired material properties are thus limited to a narrow density range and specific loading directions.
Improved mechanical properties can arise from a material that contains micro-and nanoscale building blocks arranged in an ordered hierarchy. Among these new designs are metallic microlattices with high recoverability when compressed (20, 26) , TiN nanotrusses (32, 33) , and ceramic composite trusses (34) that show enhanced fracture toughness of coating materials when the thickness of coating materials is reduced to the nanoscale.
We report a group of ultralight mechanical metamaterials that maintain a nearly linear scaling between stiffness and density spanning three orders of magnitude in density, over a variety of constituent materials. We use the term "mechanical metamaterials" to refer to materials with certain mechanical properties defined by their geometry rather than their composition. The materials described here are highly ordered, nearly isotropic, and have high structural connectivity within stretchdominated, face-centered cubic (fcc) architectures. The ultralow-density regime is accessed by fabricating microlattices with critical features ranging from~20 mm down to~40 nm. The densities of samples produced in this work ranged from 0.87 kg/m 3 to 468 kg/m 3 , corresponding to 0.025% to 20% relative density.
A stretch-dominated unit cell structure, consisting of b struts and j frictionless joints and satisfying Maxwell's criterion, M = b -3j + 6 > 0, is substantially more mechanically efficientwith a higher stiffness-to-weight ratio (defined as E/r)-than its bend-dominated counterpart. This is attributed to its struts carrying load under compression or tension rather than bending (17) . A fundamental lattice building block of this type is the octet-truss unit cell (Fig. 1A) , whose geometric configuration was proposed by Deshpande et al. (35) . The cell has a regular octahedron as its core, surrounded by eight regular tetrahedra distributed on its faces ( fig. S1 ). All the strut elements have identical aspect ratios, with 12 solid rods or hollow tubes connected at each node. The cubic symmetry of the cell's fcc structure generates a material with nearly isotropic behavior (36) . The relative density of such octettruss unit cells can be approximated by r = 26.64(d/L) 2 (35) , where L and d are the length and diameter of each beam element. On the macroscale, under uniaxial compressive loading, the relative compressive stiffness and yield strength of these structures theoretically show linear scaling relationships: E/E s ! (r/r s ) and s/s s ! (r/r s ) (35) . A cubic lattice is readily constructed by periodic packing of the unit cell along its three principal directions (Fig. 1 , B and C) (37, 38) . Alternate orientations of the bulk lattice relative to the unit cell's principal axes can likewise be constructed ( fig. S2 ), with the fundamental tessellation of space by the unit cell remaining the same.
To study how the loading direction and lattice orientation of an octet-truss lattice affects its E-r scaling relationship, we analyzed, fabricated, and tested them in a variety of orientations (39) (figs. S1 to S5). In addition to these stretch-dominated lattices, as a point of comparison, a bend-dominated tetrakaidecahedron unit cell (40, 41) of the same size scale was generated and the corresponding cubic-symmetric foams (known as Kelvin foams) were fabricated with a variety of densities (Fig. 1, D to F) .
The fabrication of these microlattices is enabled by projection microstereolithography, a layer-by-layer additive micromanufacturing process capable of fabricating arbitrary threedimensional microscale structures (42, 43) . In contrast to other three-dimensional (3D) rapid prototyping methods such as 3D printing and ultraviolet (UV) projection waveguide systems (44) , this type of fabrication technology is ideal for 3D lattices with high structural complexity and with feature sizes ranging from tens of micrometers to centimeters. By combining projection microstereolithography with nanoscale coating methods, 3D lattices with ultralow relative densities below 0.1% can be created. The process begins with a photosensitive polymer resin bath; we use either 1,6-hexanediol diacrylate (HDDA) or poly(ethylene glycol) diacrylate (PEGDA). Shown schematically in Fig. 2A , the apparatus uses a spatial light modulator-in this case a liquid-crystal-on-silicon chip-as a dynamically reconfigurable digital photomask. A threedimensional CAD model is first sliced into a series of closely spaced horizontal planes. These two-dimensional image slices are sequentially transmitted to the reflective liquid-crystal-onsilicon chip, which is illuminated with UV light from a light-emitting diode array. Each image is projected through a reduction lens onto the surface of the photosensitive resin. The exposed liquid cures, forming a layer in the shape of the two-dimensional image, and the substrate on which it rests is lowered, reflowing a thin film of liquid over the cured layer. The image projection is then repeated, with the next image slice forming the subsequent layer. Our polymer microlattices were fabricated in tens of minutes and have features spanning size scales from 10 to 500 mm. For mechanical testing purposes, all materials described here were fabricated as blocks of various sizes consisting of multiple unit cells (table S1). Scanning electron microscopy (SEM) images of the as-built polymer lattice and unit cell are shown in Fig. 2 , B and F.
Although projection microstereolithography requires a photopolymer, other constituent materials such as metals and ceramics can be incorporated with additional processing. Using the base polymer lattice as a template, we are able to convert the structures to metallic and ceramic microlattices. Metallic lattices were generated via electroless nickel plating on the as-formed HDDA. The thickness of the metal coating is 
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controlled by the plating time, yielding metal films from 100 nm to 2 mm. The polymer template is subsequently removed by thermal decomposition, leaving behind the hollow-tube nickelphosphorus (Ni-P) stretch-dominated microlattice shown in Fig. 2 , C and G.
A similar templating approach is used to generate hollow-tube aluminum oxide (amorphous Al 2 O 3 , alumina) microlattices; however, the coating is produced by atomic layer deposition (ALD), a gas-phase process, rather than liquid-phase processing. The resulting hollow-tube microlattices have alumina thicknesses from~40 to 210 nm, with an example shown in Fig. 2, D 
ceramic lattices were prepared in the microlithography system by using photosensitive PEGDA liquid prepolymer loaded with~150-nm alumina nanoparticles (Baikowski Inc.,~12.5% alumina by volume). The same sequential lithographic exposure process produced a microlattice made of a hybrid of solid PEGDA and alumina nanoparticles. These hybrid lattices are converted to pure Al 2 O 3 octet-truss microlattices through a sintering procedure (39) . An example of this structure is shown in Fig. 2 , E and I. The parameters and properties for a selection of our stretch-dominated mechanical metamaterials and bend-dominated foams are summarized in table S1. The densities of all samples were calculated by measuring the weight and fabricated dimensions of the completed microlattices.
The microstructured mechanical metamaterials were tested to determine their Young's modulus E and uniaxial compressive strength s y , defined as the crushing stress of the material. Uniaxial compression studies of all microlattices with the same cubic dimensions were conducted on an MTS Nano Indenter XP, equipped with a flat punch stainless steel tip with a diameter of 1.52 mm. During 20 consecutive compression cycles up to 10% strain, we observed typical viscoelastic behavior for the polymer microlattices with pronounced hysteresis and loading rate-dependent Young's modulus. The Young's moduli for all polymer microlattices and foams were extracted at a loading rate at 87.2 nN/s, corresponding to a strain rate of 10
. Uniaxial compression of these structures is shown in movies S1 to S3. Representative stress-strain curves from uniaxial compression crushing tests for determining the compressive strength of octettruss microlattices made of solid HDDA polymer, hollow-tube Ni-P metal, and solid alumina are shown in fig. S7, A and B, and fig. S8A, The results of these mechanical tests, together with the bend-dominated tetrakaidecahedronbased Kelvin foams fabricated from the base HDDA polymer, are summarized in Fig. 3, A and B, which respectively plot relative Young's modulus and strength against relative mass density. Figure 4 shows the location of these material properties on the stiffness versus density material selection chart, together with other recently reported ultralight materials for comparison. The stretch-dominated microlattices populate the highly desirable ultralight, ultrastiff space toward the upper left of the chart (17) and have stiffnessto-weight ratios that do not substantially degrade as density decreases by several orders of magnitude. In contrast to the common bend-dominated E/E s ! (r/r s ) 2 scaling of open-cell stochastic foams such as silica aerogels and carbon foams, our stretch-dominated microlattice materials demonstrate the desired linear relationship of E/E s ! r/r s , approaching the theoretical limit, and exhibit this remarkable scaling relationship over three orders of magnitude in density and across all constituent materials studied. These octettruss lattice materials are highly isotropic, so the scaling of stiffness with density does not vary with the orientation of the lattice ( fig. S4 ), as confirmed by our studies of different loading directions. These lattices have the highest specific stiffness when the lattice is loaded normal to the (111) plane, which is closest-packed within the fcc architecture.
In the ultralow-density regime (relative density <0.1%), we observed markedly different compression behavior in hollow-tube ALD ceramic octet-truss microlattices relative to solid ceramic lattices at higher relative densities (8 to 20%). The hollow-tube ceramic microlattices with nanoscale wall thicknesses showed smoother behavior with progressively fewer discontinuities in their stress-strain curves ( fig. S8, A and B) , in contrast to solid microstrut ceramic lattices with catastrophic, fracture-dominated behavior. The loading-unloading curves of hollow-tube Al 2 O 3 lattices revealed elastic behavior followed by a nonlinear response on each loading cycle. Although relative compressive stiffness and relative density initially follow a nearly linear scaling law, the transition from conventional brittle behavior (in low-density ceramic materials) to more "ductile" mechanical behavior (in ultralight materials with nanoscale wall thicknesses) suggests a transition from a fracture-dominated failure mode to a buckling-dominated failure mode, with suppression of the catastrophic failure seen in solid Al 2 O 3 octet-truss lattices.
These differences in compressive behavior between solid and hollow-tube ceramic octet-truss lattices are primarily attributed to local buckling induced by the high aspect ratio of the strut length to nanoscale wall thickness, in contrast to nanoscale TiN trusses (32) and ceramic composite (34), whose aspect ratios are low enough to allow the nanoscale strengthening effect of the wall thickness to dominate. For example, the ratio of strut length to nanoscale wall thickness in fig. S8B is about 1400:1 and contributes to its large compression strain, governed by e ! (1/r) 0.5 (17) . Thus, the relative compressive strength makes a transition from the nearly linear scaling law governing the stretch-dominated failure mode at an approximate density near 0.08% to a scaling power of 2.7, as indicated in Fig. 3B . In the same figure, a similar transition from yielding-dominated to buckling-dominated failure at an approximate relative density of 0.2% is evident in Ni-P lattices, consistent with the trend observed for benddominated metallic microlattices (26) .
When an ultralow-density metallic microlattice is bend-dominated, its stiffness degrades substantially with reduced density. An example of this is the Ni-P lattice reported by Schaedler et al. (20) , whose specific stiffness (stiffnessto-weight ratio) degrades from 0. , respectively. Similarly, in a recent report of highstrength microarchitected ceramic composites (34) , their strength performance approaches the linear scaling relationship over a narrow density range, and only when loaded in a direction optimized for their anisotropic architecture. Our metamaterials, in contrast, maintain their mechanical efficiency over a broad density regime without substantial degradation in specific stiffness, owing to the nearly linear E-r scaling relationship.
We have shown that these high mechanical efficiencies are possible across a range of constituent materials. Fabricating ordered lattice structures at these length scales brings them into the regime in which it becomes possible to design microstructured functional materials with superior bulk-scale properties. 
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Oriented attachment of synthetic semiconductor nanocrystals is emerging as a route for obtaining new semiconductors that can have Dirac-type electronic bands such as graphene, but also strong spin-orbit coupling. The two-dimensional (2D) assembly geometry will require both atomic coherence and long-range periodicity of the superlattices. We show how the interfacial self-assembly and oriented attachment of nanocrystals results in 2D metal chalcogenide semiconductors with a honeycomb superlattice. We present an extensive atomic and nanoscale characterization of these systems using direct imaging and wave scattering methods. The honeycomb superlattices are atomically coherent and have an octahedral symmetry that is buckled; the nanocrystals occupy two parallel planes. Considerable necking and large-scale atomic motion occurred during the attachment process.
I n oriented attachment, a single nanocrystal (NC) is formed from two adjacent NCs through atomically matched bond formation between two specific facets. Controlled oriented attachment is currently emerging as a route to form extended one-and two-dimensional single-crystalline semiconductors of II-VI and IV-VI compounds (1) (2) (3) (4) (5) . These superlattices are of interest in optoelectronics. Truncated nanocubes of the Pb-chalcogenide family ( fig. S1 ) have been recently used to create two-dimensional (2D) atomically coherent ultrathin quantum wells (4) as well as superlattices with square or honeycomb geometries ( fig. S2) (5) . The formation of such systems is remarkable, given that several demanding conditions must be fulfilled. The NC building blocks must be nearly monodisperse in size and shape, and attachment should only occur with a geometrically defined subset of NC facets. The long-range atomic and nanoscale order in such systems is far from understood. For extended, atomically coherent PbSe superlattices with honeycomb geometry, immediate questions emerge regarding the large-scale crystallographic orientation of the NCs, the role of surface passivation of specific facets, and the atomic mechanism of attachment.
Here, we report on the atomic and nanoscale analysis of atomically coherent PbSe, PbS, and CdSe honeycomb superlattices. Using high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) tomography, we show that the honeycomb structures are buckled-the NCs occupy two parallel planes-and hence show nanoscale analogy with the proposed atomic silicene honeycomb structure. The specific orientation of the NCs in the 2D superlattice extends over hundreds of unit cells, suggesting that such types of single crystals must be formed from a preordered state, for example at the suspension/air interface. Compared with the native building blocks, the NCs in the honeycomb structure are considerably elongated in the direction of the NC-NC bond. This finding points to bond formation via necking accompanied with a gradual release of the capping molecules and considerable atomic motion within the NCs. Moreover, the 2D honeycomb structures of PbSe with a rocksalt atomic lattice were robust enough to be transformed into 2D CdSe lattices with a zinc blende atomic lattice through cationexchange and keep the nanoscale honeycomb geometry intact. This method opens a route to a new class of 2D semiconductors with tunable composition. In these structures, the nanoscale honeycomb geometry has been predicted to result in both valence and conduction bands that can be filled with Dirac-type charge carriers as in graphene but, unlike graphene, with strong spinorbit coupling (6) .
The PbSe NCs have the shape of a cantellated cube, approaching that of a rhombicuboctahedron ( fig. S1 ), implying that the NCs are terminated with {100}, {110}, and {111} facets. We estimated the NC size from the radially averaged diameter of the TEM projections for >1000 particles (5.3 T 0.4 nm) ( fig. S3 ). The oriented attachment of these NCs resulted in structures with long-range periodicity, as visualized by means of an equilateral triangle spanning the same number of unit cells along each vertex in the HAADF-STEM image (Fig. 1A) .
